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ABSTRACT

Rotaviruses (RVs) are leading causes of severe diarrhea and vomiting in infants and young children. RVs with G10P[11] genotype spec-
ificity have been associated with symptomatic and asymptomatic neonatal infections in Vellore, India. To identify possible viral genetic
determinants responsible for differences in symptomology, the genome sequences of G10P[11] RVs in stool samples of 19 neonates
with symptomatic infections and 20 neonates with asymptomatic infections were determined by Sanger and next-generation sequenc-
ing. The data showed that all 39 viruses had identical genotype constellations (G10-P[11]-I2-R2-C2-M2-A1-N1-T1-E2-H3), the same as
those of the previously characterized symptomatic N155 Vellore isolate. The data also showed that the RNA and deduced protein se-
quences of all the Vellore G10P[11] viruses were nearly identical; no nucleotide or amino acid differences were found that correlated
with symptomatic versus asymptomatic infection. Next-generation sequencing data revealed that some stool samples, both from neo-
nates with symptomatic infections and from neonates with asymptomatic infections, also contained one or more positive-strand RNA
viruses (Aichi virus, astrovirus, or salivirus/klassevirus) suspected of being potential causes of pediatric gastroenteritis. However, none
of the positive-strand RNA viruses could be causally associated with the development of symptoms. These results indicate that the di-
versity of clinical symptoms in Vellore neonates does not result from genetic differences among G10P[11] RVs; instead, other unde-
fined factors appear to influence whether neonates develop gastrointestinal disease symptoms.

IMPORTANCE

Rotavirus (RV) strains have been identified that preferentially replicate in neonates, in some cases, without causing gastrointesti-
nal disease. Surveillance studies have established that G10P[11] RVs are a major cause of neonatal infection in Vellore, India,
with half of infected neonates exhibiting symptoms. We used Sanger and next-generation sequencing technologies to contrast
G10P[11] RVs recovered from symptomatic and asymptomatic neonates. Remarkably, the data showed that the RNA genomes of
the viruses were virtually indistinguishable and lacked any differences that could explain the diversity of clinical outcomes
among infected Vellore neonates. The sequencing results also indicated that some symptomatic and some asymptomatic Vellore
neonates were infected with other enteric viruses (Aichi virus, astrovirus, salvirus/klassevirus); however, none could be corre-
lated with the presence of symptoms in neonates. Together, our findings suggest that other poorly defined factors, not connected
to the genetic makeup of the Vellore G10P[11] viruses, influence whether neonates develop gastrointestinal disease symptoms.

Group A rotaviruses (RVs) are a major cause of acute dehydrat-
ing diarrhea in infants and children under 5 years of age (1,

2). An assessment of the global impact of RV disease estimated
that the virus caused 453,000 deaths in 2008, mostly of children
living in sub-Saharan Africa and southeast Asia (3, 4). In India
alone, RV infections were estimated to cause 122,000 to 153,000
deaths annually (4). Over the last 40 years, several RV strains have
been identified that have a predisposition for replication in neo-
nates, frequently without causing gastrointestinal (GI) disease (5–
10). In some cases, the asymptomatic phenotype may reflect the
unusual genome constellations that can comprise neonatal virus
strains (11–14).

The infectious RV particle is a nonenveloped triple-layered
icosahedron that contains 11 segments of double-stranded RNA
(dsRNA) (1, 15). The genome directs the expression of 6 structural
(VP1 to VP4 and VP6 and VP7) and 6 nonstructural (NSP1 to
NSP6) proteins (1). Two of these proteins, the VP7 glycoprotein
and the VP4 protease-activated spike protein, form the outer cap-
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sid shell of the RV particle and induce neutralizing antibody re-
sponses in the infected host (2). A classification system has been
developed that allows assignment of a genotype to each of the 11 RV
genome segments (16, 17). The genotype of segments encoding the
viral proteins VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-
NSP4-NSP5/NSP6 is represented by the acronym Gx-Px-Ix-Rx-Cx-
Mx-Ax-Nx-Tx-Ex-Hx, where x is an integer. Whole-genome se-
quencing has shown that human RVs with the genotype constellation
of G1/G3/G4/G9/G12-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1 or G2-
P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2 are globally dominant (18–
25). Several neonatal RV strains have been identified with overall
genotype constellations that are similar to those of the globally
dominant strains, with the exception of their P genotypes. For
instance, the Australian RV3 neonatal virus has a G3-P[6]-I1-R1-
C1-M1-A1-N1-T1-E1-H1 constellation while the New Delhi neo-
natal virus 116E has a G9-P[11]-I1-R1-C1-M1-A1-N1-T1-E1-H1
constellation (11, 14, 26). Because such strains are associated with
asymptomatic infections and induce immunological protective
responses that can ameliorate severe RV diarrhea episodes later in
life (8, 11), the RV3 and 116E strains are being pursued as possible
vaccine candidates (27–31).

Surveillance studies have determined that G10P[11] RVs are a
major cause of neonatal infection in Vellore, India, where the
viruses have circulated for more than a decade (32, 33). The per-
sistence of G10P[11] RVs in Vellore may be due, in part, to their
widespread contamination of the environment in neonatal nurs-
eries, thus leading to nosocomial infections (33). Unlike the
asymptomatic infections caused by some neonatal RVs (e.g., RV3
and 116E), the Vellore viruses have been associated with GI dis-
ease in approximately half of the infected neonates (33). The Vel-
lore G10P[11] viruses may not be entirely exclusive to neonates as
G10P[11] strains have also been recovered, albeit sporadically,
from older children with diarrheal illness (32). In contrast to RV
infections in older infants and children, where clinical manifesta-
tions typically include watery diarrhea and vomiting, infections by
neonatal strains, such as the Vellore G10P[11] virus, can lead to a
wide spectrum of other symptoms: abdominal distention, necro-
tizing enterocolitis, bloody mucoid stools, and intestinal dilation
(32–34). It is also noteworthy that while viral load and disease
severity can be correlated in older infants and children infected
with RVs, viral loads are not significantly different between symp-
tomatic and asymptomatic RV-infected Vellore neonates (35).

Whole-genome sequencing of a G10P[11] RV isolate (N155)
recovered in 2003 from a Vellore neonate with GI symptoms re-
vealed that the virus has a genotype constellation of G10-P[11]-
I2-R2-C2-M2-A1-N1-T1-E2-H3 (36). Interestingly, G10P[11]
RVs are also known to commonly infect calves in India (37, 38).
This fact, combined with sequence analysis showing that multiple
genome segments of the N155 isolate are highly related to cognate
segments of bovine RVs, suggests that the N155 isolate may have
originated by reassortment of a bovine G10P[11] RV and a human
RV (36, 38).

The discovery that some, but not all, Vellore neonates infected
with G10P[11] RVs had GI disease raised the issue of whether
multiple, genetically distinct strains of the virus were cocirculat-
ing, some which caused illness and some that did not. To address
this issue and identify potential virulence determinants (39–42),
we used traditional Sanger dideoxynucleotide and next-genera-
tion sequencing (NGS) technologies to analyze RNAs contained
in stool samples collected from symptomatic and asymptomatic

neonates infected with G10P[11] viruses. The results showed that
the G10P[11] viruses were nearly indistinguishable, lacking any
differences that could be correlated with symptom status. Al-
though additional enteric positive-strand RNA viruses were de-
tected in some stool samples, none could be causally linked to
symptoms. Thus, other poorly defined factors, not connected to
the genetic makeup of the G10P[11] viruses or to the presence of
other RNA viruses, appear to have a significant role in the devel-
opment of pathology in infected Vellore neonates.

MATERIALS AND METHODS
Sample collection. Stool samples were collected from neonates admitted
in the neonatal nurseries of Christian Medical College (CMC), Vellore,
India, during 2003 to 2004 (33). Neonates remaining in the nursery for
over 48 h with symptoms of RV-associated GI disease (diarrhea, vomiting,
gastroesophageal reflux, GI bleeding, necrotizing enterocolitis, pneuma-
tosis intestinalis, abdominal distension, and/or feed intolerance) were en-
rolled in the study (33). For each symptomatic neonate enrolled, at least
one other neonate was enrolled that had been admitted for 48 h and lacked
GI disease symptoms. RV-positive stool samples were identified by en-
zyme immunoassay (Rota IDEIA; Dako Ltd., United Kingdom). Samples
containing G10P[11] RVs were identified by reverse transcription-PCR
(RT-PCR) (36). This study was approved by the Institutional Review
Board of the CMC, Vellore, India.

Sequencing. Total RNA was prepared from neonatal G10P[11]-posi-
tive stool samples with TRIzol (Invitrogen). The RNA was randomly am-
plified and prepared for NGS using a sequence-independent single-
primer amplification (SISPA) method as described elsewhere (43). Briefly,
50 to 200 ng of RNA was combined with dimethyl sulfoxide and a chimeric
oligonucleotide containing a 22-nucleotide (nt) barcode sequence with a
downstream random hexamer, incubated at 65°C for 5 min, and immediately
placed on ice. Reverse transcription was performed by adding the RNA sam-
ple to reaction mixtures containing SuperScript III and First Strand buffer
(both from Life Technologies), 100 mM dithiothreitol, 10 mM deoxynucleo-
side triphosphates (dNTPs), and RNase Out (Life Technologies) and incu-
bating at 25°C for 10 min, 50°C for 50 min, and 85°C for 10 min. The cDNA
products were denatured at 95°C for 10 min, mixed with (3=¡5= exo-) Kle-
now fragment, and incubated at 37°C for 60 min and then at 75°C for 10 min.
Subsequently, the cDNA products were amplified by PCR using Taq Gold
(Life Technologies) for 35 cycles (denaturation, 30 s at 94°C; annealing, 30 s at
55°C; extension, 48 s at 68°C). PCR mixtures contained primers correspond-
ing to the 22-nucleotide barcode sequence (43). The cDNA products were
treated with exonuclease I at 37°C for 60 min, followed by incubation at 72°C
for 15 min. Quantities of SISPA products were normalized and pooled into a
single reaction mixture that was purified using a PCR purification kit (Qia-
gen). The purified cDNA products were then gel purified to select for SISPA
products that were 300 to 500 bp in size and submitted for sequencing on
Roche 454 GS FLX Titanium and Illumina Genome Analyzer GSIIx plat-
forms. The sequence reads were sorted by barcode, trimmed, and de novo
assembled into contigs using CLC bio’s de_novo_assembler program (Qia-
gen). To fill in sequence gaps for G10P[11] genome segments, data from NGS
were used to design primers that were then used to process viral RNA using
Sanger sequencing. The final full-length contigs for G10P[11] viruses were
assembled using a combination of data from Sanger, 454, and Illumina se-
quencing results.

Sequence data analysis. The numbers of individual sequence reads ob-
tained by 454 and Illumina technologies are given in Table 1. The overall
project is described elsewhere (http://www.ncbi.nlm.nih.gov/bioproject
/PRJNA220986), and NGS sequence information is available in the SRA
bioinformatics database under GenBank accession numbers SRX504629
(454) and SRX504694 (Illumina). Individuals reads were mapped against
databases for group A RV (http://www.ncbi.nlm.nih.gov/nuccore/?term
�txid28875[Organism:exp]), Achi virus and kobuvirus (http://www.ncbi
.nlm.nih.gov/nuccore/?term�txid72149[Organism:exp]), Astroviridae (http:
//www.ncbi.nlm.nih.gov/nuccore/?term�txid39733[Organism:exp]), salivirus/
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klassevirus (http://www.ncbi.nlm.nih.gov/nuccore/?term�txid688449
[Organism:exp]), enterovirus (http://www.ncbi.nlm.nih.gov/nuccore
/?term?txid138950[Organism%3Aexp] with “poliovirus” entered into the
definition line), other viruses (http://www.ncbi.nlm.nih.gov/nuccore/?ter
m�txid10239[Organism%3Aexp] RefSeq), bacteria (ftp://ftp.ncbi.nlm
.nih.gov/GenBank/genomes/Bacteria/), and the human genome (http:
//hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/chromFa.tar.gz). Only
reads of greater than 50 nucleotides (after quality and bar-code checks)
with identity matches of greater than 80% over at least 90% of the full read
were enumerated. Sequence contigs subjected to analysis were, at mini-
mum, 200 nucleotides in length and included two individual reads. Con-
tigs, and unassembled 454 reads, were mapped against the GenBank
nonredundant database (http://www.ncbi.nlm.nih.gov/GenBank) using
the NCBI’s blastn and blastx tools (http://www.ncbi.nlm.nih.gov/staff
/tao/URLAPI/blastall).

The genotypes of RV RNAs were determined using RotaC, version
(http://rotac.regatools.be) (44).

Sequence alignments. Nucleotide and amino acid sequence align-
ments and identity values were generated using the ClustalW application
of the Geneious Pro (version 6.0) software suite. RV strains with nucleo-
tide and amino acid sequences with close similarity to those of G10P[11]
viruses were identified using blastn and blastp (http://blast.ncbi.nlm.nih
.gov/). JProfileGrid (version 2) (http://www.profilegrid.org/) was used to
produce a matrix relating amino acid position, residue identity, and resi-
due frequency (see Dataset S1 in the supplemental material). Identical
nucleotide and amino acid sequences were identified using the ElimDupes
duplicate sequence removal tool (http://www.hiv.lanl.gov/content
/sequence/ELIMDUPES/elimdupes/html).

Nucleotide sequence accession numbers. Accession numbers for the
Vellore G10P[11] RVs are given in Table 2.

RESULTS
Sequencing of RNA in stool samples from neonates infected
with G10P[11] RVs. Stool samples were collected from 19 symp-
tomatic and 20 asymptomatic neonates infected with G10P[11]
RVs. The neonates included both males and females, most were
born at CMC hospital, and some were preterm (Table 2). None of
these factors (sex, birthplace, and gestational age) is linked to
symptom status, confirming results obtained with larger data sets
previously (33). RNAs isolated from neonate stool samples were
converted to cDNAs and analyzed by both 454 and Illumina NGS
technologies, producing more than 12 million reads (Table 1).
Due to the large number of reads, it was not feasible to search all
reads individually against the complete GenBank database. In-
stead, reads were mapped against reference databases that in-
cluded group A rotavirus, Aichi virus, astrovirus, salivirus/klasse-
virus, other viruses, bacteria, and the human genome (see
Materials and Methods). As represented in Fig. 1, 58% of the NGS
reads mapped to group A RV, 24% to bacterial, 7% to Aichi virus,
and 1% to astrovirus sequences. One percent or less of the se-
quences reads mapped to salivirus/klassevirus, poliovirus, or
other viruses. Of the bacterial reads, approximately 5% mapped to
16S ribosomal sequences (data not shown). Reads mapping to
bacteriophage and the Herpesviridae were common in the “other”
virus class; none of the reads in this class correlated with neonate
symptom status (data not shown). The reads obtained for each
stool sample were assembled de novo into sequence contigs; these
were searched against the complete GenBank database. Missing
sequence information in RV contigs was filled in using Sanger
sequencing and primers designed from NGS data. This approach
allowed identification of the complete, or nearly complete, open
reading frame (ORF) sequences for all 11 genome segments of

each of the 39 Vellore G10P[11] RVs (accession numbers are given
in Table 2).

Vellore G10P[11] RVs share a genotype constellation. Evalu-
ation of genome sequences using the RotaC website (44) indicated
that all the Vellore G10P[11] RVs had the same genotype constel-
lation (G10-P[11]-I2-R2-C2-M2-A1-N1-T1-E2-H3), regardless
of whether the viruses were isolated from symptomatic or asymp-
tomatic neonates. This genotype constellation was identical to
that of the Vellore G10P[11] N155 isolate (36) (Table 3). Another
neonatal G10P[11] RV, the I321 strain, was isolated during 1988
to 1991 in Banglalore, India, which is approximately 200 km dis-
tant from Vellore (45). Although the genotype constellation of
I321 is known only partially, it cannot be same as the Vellore
viruses examined in this study, as their NSP2 genotypes differ (N1
and N2, respectively) (Table 3). The complete genomes of other
human G10 RVs have been described, but these lack a P[11] VP4
or have a genotype constellation that otherwise differs from that of
the Vellore G10P[11] viruses (Table 3): G10P[6]/mani-265/07/
IND (46), G10P[8]/163/Vietnam (47), G10P[8]/6717/2002/ARN/
NGA (48), G10P[8]/6748/2002/ARN/CIV (48), and G10P[14]/
V585/AUS (49). Human RVs have also been described that,
although lacking a G10 VP7, have a P[11] VP4 (G6P[11]/SI-B17/
SVN) (50) and G9P[11]/116E/IND (14) (Table 3); the genotype
constellations of these viruses have additional differences that dis-
tinguish them from the Vellore G10P[11] viruses. Despite the nu-
merous reports of human RVs with G10 and/or P[11] genotype
specificity, such viruses remain relatively rare compared to viruses
with the globally dominant G/P-type combinations: G1P[8],
G2P[4], G3P[8], G4P[8], G9P[8], and G12P[8] (18, 22).

Vellore G10P[11] RVs likely derived from reassortment of
human and bovine RVs. Comparison of the sequences of the Vel-
lore G10P[11] viruses examined in this study with those of the
Vellore G10P[11] N155 isolate (36) showed that they were nearly
identical, both at the nucleotide and amino acid levels (Table 4).
Thus, all these viruses appear to be derived from the same lineage.

FIG 1 Classes of independent sequence reads generated by NGS analysis of
neonatal stool samples. Sequence reads were mapped against the databases
indicated in Materials and Methods. The “Other virus” category includes sali-
virus/klassevirus and poliovirus.
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Like the results of an earlier study (36), BLAST analysis indicated
that several segments (VP7, VP4, VP1, VP2, VP3, VP6, NSP4, and
NSP5) of the Vellore strains were closely related to cognate seg-
ments of bovine RVs; the sequences of the remaining segments
(NSP1, NSP2, and NSP3) were closely related to those of human
genotype 1 viruses (Table 4). Consistent with previous proposals
(36, 38), these results suggest that the neonatal G10P[11] RVs may
have emerged through reassortment of a bovine G10P[11] RV
with a human genogroup 1 RV.

G10P[11] RVs associated with asymptomatic and symptom-
atic infections are genetically indistinguishable. Comparison of
the genome segments and encoded proteins of the 39 Vellore
G10P[11] viruses showed that they were identical in sequence, or
nearly so (96% to 100% identity values). The sequence identity values
for viruses that caused asymptomatic or symptomatic infections were
not substantially different from the values obtained for all viruses.

Sequence alignments failed to identify any nucleotide in the
genome segments of the Vellore G10P[11] viruses that correlated
with the presence or absence of disease symptoms (data not
shown). Likewise, the proteins of the Vellore viruses lacked any
amino acid differences that could be correlated with GI disease
symptoms (see Dataset S1 in the supplemental material). Indeed,
the protein sequences of G10P[11] viruses recovered from symp-
tomatic neonates were frequently identical to those of viruses re-
covered from asymptomatic neonates (Table 5). Taken together,
these data indicate that the presence or absence of symptoms
among the Vellore neonates does not stem from a virulence deter-
minant that differs among the viruses. Thus, differences in the
activities of putative RV proteins affecting pathogenesis, including
the NSP1 interferon antagonist (51–53), the NSP4 enterotoxin
(40, 54, 55), and VP3—an inhibitor of the host oligoadenylate
synthetase-RNase L pathway (39)—are not responsible for differ-

TABLE 3 Genotype constellation of Vellore G10P[11] and related rotavirusesb

a Genotype for all Vellore neonatal G10P[11] viruses examined in this study.
b n.r., not reported.

TABLE 4 Comparison of the genome segments of Vellore G10P[11] RVs with the cognate segments of N155 and other related strainsa

Genome
segment Genotype

G10P[11] N155 strain Other strain

Nucleotide
identity
(%)

Amino acid
identity (%)

GenBank
no. Strain name

Nucleotide
identity
(%)

Amino acid
identity (%)

GenBank
accession
no.

VP1 R2 99 99 EU200793 RVA/bovine-tc/USA/NCDV/1971/G6P[1] 94 99 JF693026
VP2 C2 99 100 EU200794 RVA/bovine-tc/USA/NCDV/1971/G6P[1] 94 99 JF693027
VP3 M3 98 99 EU200795 RVA/bovine-tc/USA/NCDV/1971/G6P[1] 92 95 JF693028
VP4 P[11] 99 99 EU200796 RVA/bovine-wt/CHN/DQ-75/2008/G10P[11] 92 93 GU181281
VP6 I2 99 100 EU200797 RVA/bovine-wt/KOR/KJ9-1/G6P[7] 95 99 HM988974
VP7 G10 99 100 EU200798 RVA/bovine-wt/ARG/B3326_D_BA/2007/G10P[11] 90 92 KC895795
NSP1 A1 99 99 EU200799 RVA/human-wt/USA/DC4092/1988/G1P[8] 90 88 KC579470
NSP2 N1 98 99 EU200800 RVA/human-wt/USA/VU06-07-21/2006/G3P[8] 96 98 JF490909
NSP3 T1 99 99 EU200801 RVA/human-wt/USA/DC1007/1978/G1P[8] 96 97 KC579594
NSP4 E2 100 99 EU200802 RVA/bovine-wt/KOR/CBNU-1 95 98 AF166353
NSP5 H3 98 100 EU200803 RVA/bovine-tc/USA/NCDV/1971/G6P[1] 93 94 JF693036
a G10P[11] isolate N184 was used as the reference strain for the Vellore viruses examined in this study.
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ences in neonatal symptoms. Rather, our analysis suggests that
only a single, genetically nearly identical lineage of the G10P[11]
virus circulated in Vellore during 2003 to 2004 and was associated
with both symptomatic and asymptomatic infections.

Detection of other enteric viruses in the stool samples of RV-
infected neonates. To explore the possibility that disease symp-
toms among RV-infected Vellore neonates were due to coinfec-
tion by other viruses, contigs generated from NGS reads were

mapped by BLAST against all sequences in the GenBank database.
The results showed that of the 39 stool samples analyzed, 12 con-
tained RNAs mapping to enteric positive-strand RNA viruses,
suggesting that some neonates were coinfected with RV and at
least one other virus (Table 2). The mapping results indicated that
the coinfecting virus was most commonly Aichi virus, a member
of the Picornaviridae (56), and, less commonly, salivirus/klassevi-
rus, also a member of the Picornaviridae (57), or astrovirus, a
member of the Astroviridae (58, 59). The location of the contigs
relative to the genomes of reference strains is indicated in Fig.
2. The presence of Aichi virus, salivirus/klassevirus, or astrovi-
rus in stool samples may be of importance in defining factors
affecting symptoms among the neonates, as surveillance stud-
ies have indicated that these viruses can lead to pediatric gas-
troenteritis (60–64). However, based on evaluation of the data
presented in Table 2 using Fisher’s exact test (e.g., P � 0.2351
for Aichi virus), no statistically significant link existed between
any of the coinfecting viruses and symptom status. Thus, other
factors are likely responsible for the development of clinical
disease among the Vellore neonates. Notably, stool samples
that contained RV and Aichi virus RNAs were recoverable over
several months in 2003 to 2004 (Fig. 3), suggesting that these
viruses cocirculate in Vellore and that coinfections may be rel-
atively frequent.

NGS reads for neonate N223 produced a 236-nt contig that,
with the exception of a single residue, perfectly matched that of a

TABLE 5 Common protein sequences among G10P[11] strains
recovered from asymptomatic and symptomatic neonatesa

a Common protein sequences were identified using ElimDupes (http://www.hiv.lanl
.gov/). Boxes of the same color represent indistinguishable sequences. A white box rep-
resents a unique sequence, with at least one amino acid different from any other.

FIG 2 Sequences of other RNA viruses detected in stool samples from Vellore
neonates infected with G10P[11] RVs. Sequence contigs generated from NGS
reads were used in BLAST searches of the GenBank database. Contigs with
matches to Aichi virus (A), astrovirus (B), and salivirus/klassevirus (C) are
shown mapped (gray lines) relative to the full-length genome of these viruses.
The ORFs of the genome sequences are shown in yellow. The neonate number
and category (in parentheses) are indicated to the left as follows: A, asymptom-
atic, S, symptomatic. The accession numbers of the viruses used to prepare the
illustration are GQ927704 (Aichi virus), JQ898343 (salivirus), and FJ375759
(astrovirus). CDS, coding DNA sequence.
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sequence shared among the Sabin 1, 2, and 3 strains of oral polio-
virus vaccine (e.g., residues 6023 to 6258 of Sabin 2; accession
number FJ898290) (Fig. 1). Vellore newborns are given oral po-
liovirus vaccine at day 0; this may represent the source of poliovi-
rus RNA in this neonate’s stool sample.

DISCUSSION

By a combination of next-generation and Sanger sequencing tech-
nologies, we have determined that the sequences of G10P[11] RVs
infecting symptomatic and asymptomatic Vellore neonates are
virtually identical. This result indicates that factors outside the
genetic material of the virus determine whether neonates infected
with G10P[11] RVs develop symptoms. The nature of these fac-
tors is unclear, but their elucidation is important for developing
effective antiviral therapies, particularly in neonates which are too
young to be afforded protection through vaccination.

Although nearly half of neonatal infections by the Vellore
G10P[11] viruses result in GI disease, infections by the Bangalore
G10P[11] I321 virus are asymptomatic (45). Because the Vellore
and Bangalore viruses have the same G/P-type specificity but dif-
fer in their potential to cause GI disease, genome segments of these
viruses— other than those encoding VP4 and VP7—may contain
differences that affect pathogenesis. Indeed, the I321 genome con-
tains a genotype N1 NSP2 gene while Vellore strains contain a
genotype N2 NSP2 gene, hinting at one possible determinant af-
fecting symptom status (Table 3). Previous studies of neonates
infected with the Bangalore and Vellore G10P[11] strains pro-
duced contrasting results when the subjects were evaluated for
protection against subsequent RV infection and disease (65, 66).
Specifically, neonates infected with I321-like strains in Bangalore
showed evidence of protection, while neonates infected with
N155-like strains in Vellore did not (65, 66). Understanding the
molecular basis for the differences in the Bangalore and Vellore
G10P[11] viruses in inducing neonatal protective responses
awaits further sequencing of I321-like strains and should provide

information that is important for engineering asymptomatic vac-
cine candidates.

NGS analysis indicated that some symptomatic neonates in-
fected with G10P[11] RVs were coinfected with Aichi virus, astro-
virus, and/or salivirus/klassevirus. These viruses commonly infect
young children, often without signs of clinical disease (67–71).
Coinfections involving RV and other enteric viral or bacterial
pathogens have been frequently reported, and there have been a
few studies suggesting that coinfections with certain pathogens
can alter GI disease severity (63, 72–76). However, little informa-
tion is available concerning whether coinfection of young chil-
dren, and particularly neonates, with RV and Aichi virus, astrovi-
rus, or salivirus/klassevirus has an impact on disease symptoms.
Nonetheless, our data failed to establish a causal relationship be-
tween neonatal symptom status and the presence of a coinfecting
positive-strand RNA virus.

Our NGS data did not reveal the presence of norovirus, a lead-
ing cause of pediatric gastroenteritis (69, 70, 77, 78), in any of the
neonatal stool samples analyzed in this study. This finding was
unexpected given an earlier surveillance study indicating that a
third of all norovirus-infected Vellore neonates with GI disease
were coinfected with RV (79). Similarly, our NGS data indicated
that the Vellore neonates were not infected with orthoreovirus,
reovirus, or saffold virus, all RNA viruses that frequently infect
children (67, 70, 76, 80–83). At its simplest, the absence of NGS
reads for these RNA viruses suggests a possible lack of neonatal
exposure or susceptibility to these viruses or a lack of circulation
of such viruses in the Vellore area or CMC nurseries. Alternatively,
instability or low copy numbers of viral RNAs in stool samples
may have also precluded detection by NGS. It is also possible that
the cutoff values used in mapping NGS reads against databases
were too stringent to identify viruses whose sequences had highly
diverged from reference sequences. Because our protocols were
directed at detecting RNAs in stool samples, we could have failed

FIG 3 Temporal origin of G10P[11] RVs recovered from Vellore neonates. Blocks represent stool samples containing G10P[11] RV that were sequenced in this
study and are colored differently to indicate samples collected from neonates with asymptomatic and symptomatic infections. Samples containing other viral
RNAs are coded as indicated.
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to detect enteric DNA viruses or pathogenic bacteria that affect the
symptom status of Vellore neonates.

Whether Vellore neonates develop symptoms is not linked to
variations in the genetic material of G10P[11] viruses or, appar-
ently, to how well the virus grows (35). Other factors that may
impact disease progression include the level and specificity of ma-
ternal anti-RV antibodies acquired by the neonate (84, 85, 86, 87).
Alternatively, variability in the physiological maturity and micro-
biome composition of the neonatal gut may lead to differences in
host recognition and response to viral infection (88, 89). It is pos-
sible that some aspects of GI disease in RV-infected Vellore neo-
nates may reflect immunopathology triggered by misdirected
and/or exaggerated inflammatory responses (90, 91). Such re-
sponses have been tied to the development of asthma in respira-
tory virus infections (92, 93), hemorrhagic fevers in infections
with hantavirus (94), yellow fever virus (95), or dengue virus (96),
and lung pathology in influenza patients (97, 98). The possibility
that some GI disease symptoms in Vellore neonates stem from
inappropriate inflammatory responses will require an analysis of
the types and levels of inflammatory cytokines and chemokines
triggered by RV infections.
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